A series of LiNi 0.5 Co 0.2Àx Mn 0.3 Y x O 2 (x ¼ 0, 0.01, 0.02, 0.03) materials was synthesized using a coprecipitation method, and the impact of yttrium doping on the crystalline structure, particle morphology, particle size, electronic conductivity and electrochemical performances was investigated. The PXRD refinement, SEM, EDS and XPS results indicate that yttrium ions have been successfully incorporated into the matrix structure of the materials, and that the crystalline structure and particle morphology of the 
Introduction
Layer-structured ternary LiNi x Co y Mn 1ÀxÀy O 2 cathode materials have been intensively researched owing to their characteristics of having relatively lower toxicity, higher capacity and energy density than LiCoO 2 and LiFePO 4 cathodes. [1] [2] [3] [4] [5] The material LiNi 0.5 Co 0.2 Mn 0.3 O 2 is one of the most widely used cathodes in commercialized lithium ion batteries, due to its excellent general properties compared with those of other layered oxide materials. [6] [7] [8] Unfortunately, the fast capacity degradation and poor rate capability at a high current density and high voltage, and the poor low-temperature performance of LiNi 0.5 Co 0.2 -Mn 0.3 O 2 , largely limits its further applications. 9, 10 This poor electrochemical performance might be due to the low electronic and lithium ionic conductivity of the electrode material, and the instability of the structure during the cycling process.
A tremendous amount of research has been dedicated to resolving the aforementioned problems. Surface coating and ion doping are considered to be effective strategies for modifying the electrochemical performance of LiNi 0.5 Co 0.2 Mn 0.3 O 2 cathode materials. On the one hand, coating with composites (such as metal oxide, lithium metal oxide and graphene) to form a protect layer on the surface of cathode materials can prevent direct contact between the electrodes and the electrolyte to suppress side reactions and inhibit phase transformation, thus resulting in an improvement in the electrochemical properties. [11] [12] [13] [14] [15] On the other hand, coating with graphene or lithium metal oxide can also improve the electronic conductivity and lithium ion conductivity, leading to a better electrochemical performance. [16] [17] [18] [19] [20] [21] [22] 29 have been reported to improve the cycling performance of the LiNi 0.5 Co 0.2 Mn 0.3 O 2 cathode material by enhancing the structure stability and enhancing the rate capability by reducing the charge transfer resistance. In addition, as one of a number of heavy rare earth metals, yttrium has been veried to improve the electrochemical performance of different cathode materials. 
Experimental

Preparation of the samples
The precursors were prepared using a co-precipitation method. A stoichiometric ratio (0.5 : 0.2 À x : 0.3 : 
Characterization and electrochemical measurements
The crystalline phase and structure of the as-synthesized samples were investigated using X-ray diffraction (SMART APEX, Germany) with a CuKa radiation source (l ¼ 0.15406 nm). The microstructure and morphology of the samples were analyzed by scanning electron microscope (JSM6700F). X-ray photoelectron spectroscopic (XPS, ULVAC-PHI, PHI quanteda ii) measurements were used to determine the oxidation states of Ni, Co, Mn, and Y in the layered structure with AlKa radiation, and the binding energies of the elements were collected using C 1s as the reference. The electronic conductivity was measured using the two-point probe method, and calculated according to the following equation:
where L is the length of the module, L 1 is the length of the module aer been exposed to a pressure of 9-12 MPa, R is the resistance of the module, and d is the internal diameter of the module. The initial charge/discharge capacity, rate capability, and cycling performance were tested using a Land CT-2001A battery tester in the voltage range of 3-4.5 V. The low temperature performance of the samples was measured using a high-low temperature box (YSGDW-150, Shanghai, China). Aer the rst two galvanostatic charge/discharge cycles at a rate of 0.2C at 25 C, the cell was fully charged at 0.2C rate, then the battery was placed in the high-low temperature box for 10 h at À20 C, subsequently discharged at 0.2C rate. Repeated the previous steps to measure the cycling performance of samples at À20 C.
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements were conducted using an electrochemical workstation (CHI660, Shanghai, China). EIS tests were executed by applying an amplitude of 5 mV over a frequency range from 10 mHz to 100 kHz at a fully discharged state. The CV curves were recorded at a scanning rate of 0.1 mV s À1 between 2.5-4.5 V at a fully charged state.
Results and discussion
The PXRD patterns of all of the prepared samples are presented in Fig. 1 . All of the diffraction peaks of the materials are indexed to the a-NaFeO 2 structure with the R 3m space group. 36 Obvious splitting of the (006)/(102) and the (108)/(110) peaks indicated the formation of a layered structure. For yttrium doped materials, the main peaks were coincident with those of the undoped sample, whereas some low intensity residual peaks (which are pointed out by asterisks) occur with an increase in the Y 3+ amount, which might be attributed to the formation of Y 2 O 3 .
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The lattice parameters of the as-prepared samples are given in Table 1 . If the lattice parameters are changed aer doping, it indicates that the foreign ion should be incorporated into the crystal structure, 38 so the yttrium ions might be successfully incorporated into the host structure, as shown in Table 1 . As is well known, the lattice constant a signies the metal-metal interlayer space, while c represents the metal-oxygen interlayer distance. It can be obviously seen that the lattice parameters a and c became larger aer doping, indicating an expanded pathway for Li + insertion and extraction in the doped materials, which might be attributed to the large size of the Y 3+ ions (r Y 3+ ¼ 0.090 nm) being substituted in place of the small Co 3+ ions (r Co 3+ ¼ 0.055 nm). Generally, the ratio of the lattice constant c/ a is employed as an indicator of the layered structure of materials, with a higher c/a value preferred for a well-ordered hexagonal a-NaFeO 2 structure. The results inferred that the yttrium doped materials have a better layered structure, as presented in Table 1 . Also, the ratio of I(003)/I(104) indicates the degree of cation mixing of the layer-structured materials, and when the value is higher than 1.2, the material has lower cation mixing. The value of I(003)/I(104) increased aer Y 3+ doping,
representing that the degree of cation mixing is reduced by yttrium. In order to further conrm the effects of yttrium doping on the lattice parameters of the LiNi 0.5 Co 0.2 Mn 0.3 O 2 materials, the PXRD patterns of the samples were analyzed by Rietveld renement via the RIETAN-2000 soware, as shown in Fig. 2 , Tables 2 and 3 . It is presumed that the lithium ions, transition metal ions, and oxygen ions are located at the 3a (0, 0, 0) sites, 3b (0, 0, 0.5) sites and 6c (0, 0, 0.2411) sites, respectively. Depending on the value of R wp and S (R wp < 10, S < 1.5), the results of the renement are reliable. The lattice parameters obtained from the Rietveld renement were similar to the values obtained from the experimental, and it can be deduced that the Y 3+ ions have been successfully incorporated into the bulk structure. It turns out that the cation mixing degree was reduced aer yttrium doping and the Y-0.02 sample showed the minimum value (0.0259), which resulted in an improved electrochemical performance. Moreover, the thickness of the interslab space (lithium slab) I(LiO 2 ) and the thickness of the slab space (transition metal slab) S(MO 2 ) 39 were obtained from the Rietveld analysis, and the results are shown in Table 2 . Obviously, the lithium slab thickness increased aer yttrium doping, which is benecial for lithium ion transportation. On the contrary, the transition metal slab thickness decreased aer yttrium doping, which is favorable for structural stability. This can be attributed to the larger radius of the Y 3+ ions and the
. 40 To investigate the occupancy of the yttrium ions, the atom occupancies obtained from the Rietveld rene-ment for the Y-0 and Y-0.02 samples are shown in Table 3 . It is observed that the yttrium element of the Y-0.02 sample occupied the 3b site with a ratio of 2.15%, while the ratio of cobalt reduced to 17.85%, which means that Y 3+ ions occupied the Co 3+ ion sites.
The microstructure and morphology of the LiNi 0.5 Co 0.2Àx -Mn 0.3 Y x O 2 samples were observed by SEM. The SEM images of all of the materials at different magnications are displayed in Fig. 3 . It can be observed from the gure that all of the samples have a similar spherical morphology on the micrometre scale, and that the morphology of the LiNi 0.5 Co 0.2 Mn 0.3 O 2 material does not change aer yttrium doping. However, the surface of the material became smoother and more compact aer yttrium doping, which might be due to the stronger bonding energy of Y-O. Fig. 4 shows the local areas of the materials and the corresponding EDS images. From the EDS results, it is clearly seen that the Y content in Y-0, Y-0.01, Y-0.02 and Y-0.03 is 0.00%, 1.06%, 2.26% and 3.05%, respectively, which is similar to the experimental values.
To study the effect of yttrium doping on the particle size of the LiNi 0.5 Co 0.2 Mn 0.3 O 2 materials, the particle size distribution curves of all of the samples are displayed in Fig. 5 and the parameters are given in Table 4 . From the gure, we can see that the curves of all of the samples are in accordance with a normal distribution, demonstrating that all of the materials have uniform particle size distributions. From Table 4 it can be seen that the particle sizes (D 10 , D 50 and D 90 ) of the yttrium doped materials are smaller than that of the undoped sample, which indicates that the particle size of the LiNi 0.5 Co 0.2 Mn 0.3 O 2 material is reduced by yttrium doping. The results are in agreement with the SEM images.
X-ray photoelectron spectroscopy measurements were used to conrm the oxidation states of the transition metals and (Fig. 6d) , which are in keeping with the value reported for Y 3+ .
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To investigate the effects of yttrium doping on the electrochemical performance, electrochemical tests were conducted utilizing the CR2430 coin cells in the voltage range of 3.0-4.5 V at ambient temperature. , respectively, with coulombic efficiencies of 87.0%, 87.2%, 90.5% and 87.6%, respectively. The results indicate that although the discharge capacities of the yttrium materials have decreased, the coulombic efficiencies have improved. The reduced initial discharge capacity of the yttrium doped materials may be ascribed to a decrease in the number of active ions resulting from the substitution by Y 3+ ions.
The cycling performance curves of the as-obtained materials at a rate of 1C are presented in Fig. 7b . It can be observed from the gure that the yttrium-doped samples reach a stable discharge capacity at a low current density of 1C aer 150 cycles. both in the 1st and 100th cycles, which means that the doped cathode exhibits good voltage stability during the cycling process. Fig. 9a shows the rate capacity curves for all of the synthesized materials, which were measured at rates of 0.2, 0.5, 1, 2, 3, 4, 5 and 10C in the voltage range of 3.0-4.5 V. The discharge capacities of all of the batteries declined with an increase in the current density. Although the Y-0 samples exhibited the highest initial discharge capacity, it declined steeply with an increase in the C-rates, only delivering a discharge capacity of 90.8 mA h g À1 at a rate of 10C. However, the rate capability of the yttrium doped materials was improved, and the Y-0.02 sample showed the best rate capacity, with a discharge capacity of 125.6 mA h g À1 at a rate of 10C. It can be observed from Fig. 9b -e that the discharge voltages of the yttrium doped samples were higher than that of the pristine one, especially at high rates, which implies that the electrode polarization was suppressed by yttrium doping. The improved high rate capacity could be ascribed to the lower polarization of the yttrium doped materials.
As is well known, cathode materials with good lowtemperature performance can expand their range of applications. The impact of yttrium doping on the low-temperature performance was examined. Fig. 10a shows the , which might be attributed to the expanded lithium ions diffusion channels, the reduced cation mixing and the lower polarization. Fig. 10b shows the cycling performance curves of the Y-0 and Y-0.02 materials at À20 C at a rate of 0.2C. It can be seen that the discharge capacities at the .7 mA h g À1 , respectively, leading to capacity retention rates of 63.8% and 81.5% aer 50 cycles at a rate of 0.2C, which implies a better cycling stability of the yttrium doped materials even at a low temperature of À20 C.
To further investigate the inuence of yttrium doping on the structure of LiNi 0.5 Co 0.2 Mn 0.3 O 2 , PXRD patterns of the Y-0 and Y-0.02 materials aer 100 cycles at a rate of 1C were measured and are presented in Fig. 11 . It can be clearly observed that the intensities of all of the diffraction peaks of both samples decrease aer the cycling process, which suggests that the crystallinity of both cathodes was subjected to varying degrees of damage. The decline in the value of I(003)/I(104) of both of the materials aer 100 cycles indicated that the degree of cation mixing increased aer cycling, as shown in Table 5 . Moreover, the R-factor (R ¼ (I 006 + I 102 )/I 101 ) stands for the ordering of the hexagonal structure of materials, and the higher the value is, the lower the ordering degree of the sample. The Y-0.02 material shows little change in the R value, which conrms that yttrium doping is favorable for stabilizing the layered structure of LiNi 0.5 Co 0.2 Mn 0.3 O 2 cathode materials.
The SEM morphologies of the Y-0 and Y-0.02 materials aer 100 cycles are shown in Fig. 12 . It can be seen that the morphology of the Y-0 sample was subjected to serious damage, whereas the Y-0.02 particles still retain an integrated morphology aer 100 cycles, which is consistent with the PXRD results. A possible reason for this is that the total metal-oxygen bonding energy of the Y-0.02 material is stronger than that of Y-0, resulting in an improvement in the structure stability.
Cyclic voltammetry measurements were recorded to study the oxidation and reduction behaviors of the Y-0 and Y-0.02 samples and the curves were acquired at a scanning rate of 0.1 mV s À1 from 2.5 to 4.5 V, presented in Fig. 13 . Both materials show a major oxidation peak at around 3.9 V corresponding to a Ni 2+ /Ni 4+ redox couple. Generally, the polarization degree could be evaluated by the potential difference (DF) between the oxidation (F ox ) and reduction (F red ) peaks, with a higher value indicating a larger polarization. It can be seen from Table 6 The ability of cathode materials to intercalate lithium ions is closely linked to both their electronic and ionic conduction. In order to investigate the effects of yttrium doping on the electronic and ionic conduction of the materials, the electronic conductivity and lithium ion diffusion coefficients were calculated and are summarized in Table 7 . EIS measurements on the Y-0 and Y-0.02 samples were carried out at a fully discharged state aer the rst cycles, the Nyquist plots of which are shown in Fig. 14a , and the experimental results were tted using the equivalent circuit model (the inset of Fig. 14a ). The Nyquist plots of both materials displayed a similar prole, including a semicircle in the high frequency region and a straight line in the low frequency region. The semicircle in the high frequency region is caused by charge transfer resistance (R ct ) and the sloping line in the low frequency region represents the Warburg impedance (W 0 ) caused by the diffusion of the lithium ions in the solid electrode. 45, 46 As provided in Table 7 , the R ct values of the Y-0 and Y-0.02 samples were 43.27 U and 26.74 U, respectively, indicating that the Y-0.02 material exhibited a lower charge transfer resistance and better electrochemical kinetics, inducing a higher rate capability.
The lithium ion diffusion coefficient can be calculated using the following equation:
where R is the gas constant, T is the absolute temperature, A is the surface area of the electrode, n is the number of electrons transferred in the reaction, F is the Faraday constant, C is the concentration of lithium ions, and s is the Warburg factor, which can be calculated from the slope of the lines between Z 0 and u À1/2 according to the eqn (2):
where u is the angular frequency region, and the plot of Z 0 against u À1/2 in the middle frequency region is a straight line, as shown in Fig. 14b . Based on eqn (1) and (2) The EIS measurements of the Y-0 and Y-0.02 samples aer 50 cycles in a fully discharged state were also carried out to investigate the inuence of yttrium on the electrode impedance vs. cycling, as shown in Fig. 14c . In general, small interruptions in the high frequency region correspond to the impedance of the electrolyte (R s ). The semicircle in the high frequency region represents the impedance of the solid-electrolyte interface layer (R SEI ), the semicircle in the middle frequency region represents the charge transfer impedance (R ct ) at the electrode/electrolyte interface and the sloping line in the low frequency region corresponds to the diffusion of lithium ions in the solid electrodes (Z W ). The electrolyte resistance (R s ) is almost the same because of the same electrolyte and fabrication parameters. The R SEI value of the Y-0 sample is equal to that of the Y-0.02 sample aer 50 cycles, which indicates that there is no real difference between the solid-electrolyte interface layer formed on the surfaces of the Y-0 and Y-0.02 electrodes. It also denotes that yttrium ions are doped into the crystal lattice rather than coated on the surface of the material on account of the fact that the R SEI value is closely related to the surface composition. However, there is a big difference between the charge transfer resistance (R ct ) values of the Y-0 and Y-0.02 materials aer 50 cycles. Combined with Fig. 14a and c, the R ct values of the Y-0 sample aer the rst and 50th cycle are 43.27 and 275.12 U, respectively, and the R ct values of the Y-0.02 sample aer the rst and 50th cycle are 26.74 and 92.67 U, respectively. Therefore, yttrium doping is benecial for decreasing the charge transfer resistance aer the cycling process. In other words, yttrium doping has a big inuence on suppressing the increase in the charge transfer resistance during the cycling process.
Conclusions
Layered LiNi 0.5 Co 0.2Àx Mn 0.3 Y x O 2 (x ¼ 0, 0.01, 0.02, 0.03) cathode materials were synthesized using a co-precipitation method. All of the yttrium doped materials exhibited a better cycling performance, superior rate capability and lowtemperature performance at a higher voltage than the undoped material, and this might be attributed to the reduced cation mixing, expanded lithium ion diffusion path, lower polarization and stabilized structure of the yttrium doped samples. In particular, the Y-0.02 sample exhibited the best electrochemical performance, delivering a high discharge capacity of 125.6 mA h g À1 , even at a rate of 10C, with a capacity retention of 83.0% aer 150 cycles at a rate of 1C, and showed a high discharge capacity of 148.9 mA h g À1 at
À20
C at a rate of 0.2C, with a capacity retention of 81.5%
aer 50 cycles at À20 C at a rate of 0.2C. CV and EIS results revealed that the Y-0.02 sample exhibits lower polarization, lower charge transfer resistance and higher lithium ion diffusion coefficient, which enhance the lithium ion kinetics. In addition, the electronic conductivity of Y-0.02 is improved by approximately fourteen times that of the Y-0 material. On the one hand, the enhanced rate capability and lowtemperature performance could be attributed to the improvement of the electronic and ionic conductivity, the decrease of the cation mixing degree and polarization aer yttrium doping; on the other hand, the improved cycling stability might be attributed to the more stable structure aer yttrium doping. Therefore, this study details new information about the function of ion doping.
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